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High-speed collisions of space debris with space structures produce debris clouds, the properties of which
determine the collision resistance required of space structures. Debris clouds impact the pressurized walls of space
structures; therefore, it is important to determine the contours of the debris clouds to support an efficient protective
design of space structures. This paper proposes a new Bayesian cloud contour extraction method for accurately
extracting the contours of debris clouds from images obtained in high-speed collision experiments. The method
employs conditional entropy as an indicator of the extraction accuracy. In a departure from the conventional
assumption of a Gaussian distribution, a realistic probability distribution is proposed to describe the histograms of
image data. A new andmore versatile method for cloud contour extraction is also proposed based on the trisection of
the histograms. Using collision experiment images, it is demonstrated that the two proposed methods are superior to
the conventional methods in terms of accurately extracting the debris cloud contours. The proposed methods can be
used to measure the shape of a debris cloud and its rate of expansion, which will improve the interpretation of images
of impact and explosion phenomena and contribute to the development of methods to protect space structures from
space debris.
Nomenclature
gj = event for which the gray level of a certain pixel is j
HCjg = average conditional entropy of HCjgj
HCjgj = conditional entropy for a pixel with gray level j
i = probability distribution region code, where i is
equal to 1, 2 for Bayesian cloud extraction with
bisection and 1, 2, 3 for Bayesian cloud extraction
with trisection
JT = criterion function using threshold value T, used in
Bayesian cloud extraction with bisection
JT1; T2 = criterion function using threshold values T1 and T2,
used in Bayesian cloud extraction with trisection
j = gray level, where j is equal to 1; 2; 3; : : : ; N
N = maximum gray level, equal to 28 − 1
nj = number of pixels at gray level j
pCi = ratio of pixels in region i relative to all pixels,
probability of region i
pgj = ratio of pixels with gray level j relative to all pixels,
probability of gray level j
T = threshold defining the boundary between cloud
region and background region, used in Bayesian
cloud extraction with bisection
T1 = first threshold defining the boundary between
background region and peripheral cloud region,
used in Bayesian cloud extraction with trisection
T2 = second threshold defining the boundary between
peripheral cloud region and central cloud region,
used in Bayesian cloud extraction with trisection
θ = scale parameter of gamma distribution, ≡σ21∕μ1
κ = shape parameter of gamma distribution, ≡μ21∕σ21
μi = expectation of gray level in region i
σ2i = variance of gray level in region i
I. Introduction
S INCE the Soviet Union launched the artificial satellite Sputnik 1from the Baikonur Cosmodrome in 1957, more than 6000
artificial objects have been launched into outer space. These include
satellites that have become decommissioned or uncontrollable during
space flight, some of which still remain in their orbital paths. In
addition, space contains pieces of debris and paint from wrecked
rocket satellites, as well as parts and tools discarded from spacecraft.
Such uncontrollable artificial objects in outer space are collectively
called space debris and they have become a threat to the future of
space development [1,2]. Problems related to space debris were first
raised 10 years after the launch of Sputnik 1, and reports include both
commanded and accidental destruction of satellites, as well as
accidents caused by collision with space debris. Dealing with
space debris is a serious challenge for the currently operational
International Space Station, and in 2014, there was a report of actual
impact damage [3]. Several destructive collision accidents have
taken place in space to date. In July 1996, the French military
reconnaissance satellite Cerise collided with a piece of space debris
during operation. The debris was refuse from the explosion of the
French Ariane rocket 10 years before. This was the first reported
collision of an artificial satellite with space debris. In January 2007,
China conducted an explosion test with its own Fengyun 1-Cweather
satellite, which produced approximately 3000 pieces of space debris,
counting only the observable pieces (larger than 100 mm) [4].
In February 2009, an accidental collision occurred between the
operational U.S. communications satellite Iridium 33 and the
decommissioned Russian military communications satellite Kosmos
2251. This was the first collision between two artificial satellites
in the history of human space development, excluding docking
experiments between satellites or satellites being destroyed with
weapons or other satellites via intentional collision. The collision
between the Iridium 33 and Kosmos 2251 satellites generated at least
several hundred pieces of debris. In January 2013, there was
a collision between debris from the Chinese explosion tests in 2007
and the small Russian “BLITS” satellite. The operation ofBLITSwas
terminated because of this accidental collision. As of January 2013,
3076 pieces of debris from Fengyun 1-C, 479 pieces of debris from
Iridium 33, and 1342 pieces of debris from Kosmos 2251 have been
catalogued as being in orbital pathways. The orbital debris from these
three satellites alone amounts to approximately 5000 pieces, posing
a threat to all operational satellites and space stations [5]. Recent
years have seen not only collisions with small debris but also
collisions between whole satellites, and the large amount of new
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space debris generated by these events has resulted in a growing
recognition of the seriousness of the debris issue. Debris removal is
an effective way to prevent degradation of the space environment
[6–8]. One technique for debris removal is the use of conductive
tether systems, in which a metal wire called a tether is attached to the
removal target. When current passes through the tether, the current
interacts with Earth’s geomagnetism to generate Lorentz force, and
the tether slows down as a result. As the tether slows down, it lowers
its orbit, along with that of the removal target. The tether and the
removal target descend to an altitude of approximately 300 km,
entering (and becoming incinerated in) the Earth’s atmosphere. Such
systems have good fuel economy because they do not use chemical
fuels and they function as long as aminute amount of electrical power
is provided to control the electric current [9–11]. Support for the use
of conductive tether systems for debris removal is growing and
various research studies on tethers are currently underway [12–16].
One protection technique against space debris impacts is the use of
Whipple shields [17], which are thin metal plates (bumpers) installed
at regular intervals on the pressurized wall of a space structure, to
protect the structure from space debris. When a piece of space debris
collides with a bumper, the kinetic energy of the debris is partially
converted into the energy required to vaporize and melt the metal
plate. The debris cloud formed from part of the bumper diffuses to the
surrounding region [18]. This diffusionmechanism allows a reduction
in the number of debris collisions per unit area on the pressurized wall
and reduces damage to the wall. The Japanese experimental module,
which is to be connected to the International Space Station, employs
a stuffed Whipple bumper [19], an improvement on the conventional
Whipple bumper. The stuffed Whipple bumper is a multilayered
laminated insulator that prevents the flow of heat from the pressurized
wall. A combination of ceramic fibers (Nextel) and aramid fibers
(Kevlar) in an aluminummesh is placed between theWhipple bumper
and the pressurized wall. The multilayered materials are used to
pulverize, liquefy, and/or vaporize debris and reduce the collision
speed, thus attenuating the damage to the wall.
The degree of damage that the debris does to the pressurized walls of
space structures depends on the debris cloud formation process and the
distribution of small pieces of debris [20]; therefore, the assessment of
the attributesof debris clouds and the investigationof themechanismsby
which such clouds are generated are important research topics. The
velocity and rate of expansion of debris clouds can be determined from
footage (a series of images) filmed during hypervelocity impacts. To
determine the multidirectional velocity of the debris clouds in these
images, it is necessary to be able to clearly determine the contours of the
debris clouds in the images. This creates the need to determine the
boundaries separating debris clouds from their backgrounds.
To assess the performance of bumper shields, high-velocity
collision experiments have been conducted using ballistic range
devices, such as a light-gas gun [21] and a power gun [22]. These
experiments have mainly focused on debris clouds formed by high-
velocity collisions, and the results have mainly been analyzed through
optical visualization. Piekutowski [23] and Poormon and Piekutowski
[24] used flash x rays to visualize high-velocity collisions betweenmetal
projectiles (simulating debris) and a Whipple shield to investigate the
process of debris cloud formation and the properties of the cloud’s
internal structure. However, because flash x rays do not capture
low-density particles that liquefy or vaporize during a high-velocity
collision, the rendered shape of the debris cloud is smaller than it should
be. Williamsen and Howard [25] analyzed the shapes of debris clouds
by performing image analyses of debris cloud images shot using
a high-speed camera. It is possible to capture low-density particles using
a high-speed camera; however, in specifying the cloud’s boundaries,
there is a degree of subjectivity introduced by the human observer,
leading to somedegreeof variability inmeasuring the shapeof thedebris
cloud. This is because, although debris cloud images shot with
a high-speed camera can capture low-density particles, the boundaries
become ambiguous.Mihaly et al. [26] proposed a unifiedway to specify
the boundaries of debris cloud images obtained with high-speed
cameras. This method involves the use of moving expectation and
moving standard deviation indicators for the gray levels within
the image. The moving expectation and moving standard deviation are
calculated from the gray levels of the pixels contained within certain
sections on the same axis. However, the obtained contours of debris
clouds can vary depending on how a section is defined. Furthermore,
depending on the image, it may not be possible to narrow the contours
down to one, resulting in the presence of multiple candidates. The
method for selecting the contours involves subjectivity on the part of the
observer, detracting from the accuracy of the overall debris cloud
contour measurement process.
There are some problems associated with the conventional method
of debris cloud image processing. The first problem is that simple
methods such as truncation beyond a certain gray level cannot be used
when extracting the contours of debris clouds. This is because gray
levels can differ from image to image (frame to frame), even at the
exact same point and within a short period of time, given that the
luminance of the light source (the strobe light used in hypervelocity
experiments) changes considerably over short periods of time. The
second problem is that conventional image recognition methods are
not suited to extracting debris clouds because they target images with
distinctive monochromatic contrast, such as handwritten words
[27,28]. Debris cloud images, on the other hand, have large regions
within which any monochromatic distinction is ambiguous.
To address the aforementioned problems associated with
conventional image processing methods, two research objectives
were established in this study. The first objective was to develop
a highly accurate cloud contour extraction method for determining
debris cloud contours from images obtained fromhigh-speed cameras,
namely, by modifying the conventional probability density function
assumed in conventional image recognition. The proposed method
extracts the debris cloud contours automatically, based on a
mathematical approach that uses Bayesian probability and conditional
entropy. Two probability distributions obtained by bisection of the
gray-level histograms are used to extract the debris cloud. Given
a histogram of debris cloud images, the proposed method assumes
a probability distribution adapted to such images. The proposedmethod
solves the problemof subjectivity associatedwith conventionalmethods
in which debris cloud contours are determined by a human observer.
The second research objective was to develop a new method
that combines three probability distributions based on a trisection of
the gray-level histogram. Combining three regions of a probability
distribution permits the extraction of debris cloud contours from images
with relatively large amounts of ambiguity. In other words, the cloud
contour extraction method based on histogram trisection is more
versatile than the extraction method based on only two distribution
regions. The effectiveness of the proposed cloud extractionmethodswas
evaluated using impact images obtained during hypervelocity impact
experiments conducted using the two-stage light-gas gun owned by the
Institute of Space and Aeronautical Science/Japan Aeronautical
Exploration Agency (ISAS/JAXA).
The remainder of this paper is structured as follows. Section II
presents anoverviewof the conductedhypervelocity impact experiments
and a discussion on filming debris cloud images using high-speed
cameras. Section III explains how the brightness of each pixel in a debris
cloud image is expressed using gray level and how, by taking the
difference between the debris cloud image and the image before the
debris enters the screen, regionswhere thegray levels changeand regions
without suchchanges canbedistinguished.Anoverviewof conventional
methods of image processing is also presented. Section IV describes
the problems associated with the conventional methods and proposes
new methods for solving these problems. This section also presents a
comparison of the contours of debris clouds obtained using conventional
methods and thoseobtainedusing the firstmethodproposed in this paper.
SectionVproposes a secondnewmethod for determining theboundaries
of debris clouds.The results are checked to confirm that debris clouds are
accuratelyextracted from imagesusing theproposedmethods. Finally, in
Sec. VI, we summarize the findings of this research.
II. Space Debris Hypervelocity Impact Experiment
A. Overview of Impact Experiments
We conducted experiments to simulate hypervelocity impacts
caused by space debris, using the hypervelocity impact experiment
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device [29] owned by ISAS/JAXA. Figure 1 shows a photograph of
the device used in the hypervelocity impact experiment. This device
is composed of a two-stage light-gas gun and an experimental
chamber. To capture the debris cloud generated after the impact of the
projectile on the bumper, a Hyper Vision HPV-X (Shimadzu
Corporation) high-speed camera is used to film the impact using
a backlight system. Figure 2 shows the placement of the high-speed
camera and the experimental chamber. In this study, the shooting
speed was set to 500; 000 frames∕s (corresponding to a shooting
interval of 2μs). The shooting results were saved as 400 × 250
(100,000 pixel) digital data containing 8 bits per pixel.
To simulate a piece of space debris, we used a spherical
nylon projectile with a diameter of 7.14 mm and a mass of 0.218 g.
Figures 3 and 4 show two sets of aluminumplates used to simulate the
bumper and the pressurizedwall. The bumperwas simulated using an
A2017P aluminum alloy plate measuring 300 × 300 mm in size and
0.5 mm in thickness. The pressurized wall was simulated using an
A2024P aluminum alloy plate measuring 300 × 300 mm in size and
2 mm in thickness. We carried out the following two typical types of
impact experiments (vertical and oblique impacts):
1) In target 1, the bumperwas placed perpendicular to the direction
of the projectile’s movement (Fig. 3).
2) In target 2, the bumper was placed at an angle of 45 deg to the
direction of the projectile’s movement (Fig. 4).
B. Images Obtained from Impact Experiments
Figure 5 shows an image obtained from the high-speed camera in
an impact experiment for target 1. It was taken 10μs after a collision
between a projectile flying at a speed of 7.04 km∕s and the bumper.
The vertical black line in the image is the front edge of the bumper.
The debris cloud generated by the collision of the projectile with the
bumper diffuses whilemaintaining a line of symmetry with respect to
the central axis. Because the scraps and particles forming the debris
cloud are extremely fine, it is not possible to identify the contours of
the debris cloud clearly from the unprocessed image (Fig. 5). Image
processing is required to identify the debris cloud contour.
Figure 6 shows an image obtained from the high-speed camera
in an impact experiment for target 2. It was filmed 10μs after the
collision between a projectile flying at a speed of 6.36 km∕s and
the bumper. The oblique black line in the image is the front edge of the
bumper. With an oblique impact, the debris cloud deviates from the
orbit of the projectile and progresses, while diffusing asymmetrically.
As in the case of perpendicular impact, the contour of the debris cloud
cannot be clearly identified in the image (Fig. 6). In the case of an
image of an oblique impact (target 2), an image processing method
that precisely identifies the contour of the debris cloud is also needed.
Fig. 1 Hypervelocity impact experimental setup in ISAS/JAXA5 .
Fig. 2 Location of high-speed camera and experimental chamber.
Fig. 3 Bumper and pressurized wall configuration for normal impact
(target 1).
Fig. 4 Bumper and pressurized wall configuration for oblique impact
(target 2).
Fig. 5 Debris cloud generated in experiment with target 1.
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The effect of the ambiguity of the debris cloud contours on the
identification of the debris cloud velocity must be considered. In our
experimental configuration, the deviation of one pixel in the definition
of the contour boundary leads to a deviation of approximately 0.35mm
in the debris cloud contour.Given that the observer’s subjectivitywhen
identifyinga contourmay lead to adeviation of approximately6 pixels,
when using experimental images of a projectile flying at 7.0 km∕s
obtained with a 2μs shooting interval, the obtained value for velocity
can deviate from the true value by as much as 15%. Considering
that the kinetic energy is proportional to the square of the velocity,
a deviation of 15% in the velocity has a very large impact on the
assessment of the features of the collision. Therefore, to accurately
analyze the dynamic impact of a debris cloud, it is important to develop
accurate contour extraction methods such as those proposed in
this paper.
III. Determination of Debris Cloud Contours
Using Automatic Threshold Selection
A. Gray-Level Value of Images
To investigate the features (shape and velocity) of debris clouds
generated by impact experiments, debris clouds have been filmed
using various optical systems, such as high-speed cameras and x-ray
cameras. By automatically determining the boundary gray-level
value that separates the debris cloud from the background (based on
a mathematical approach), the contour of the debris cloud can be
determined. A debris cloud image taken using a high-speed camera is
exported as a grayscale image. Eachpixel of the image is expressed as an
integer between 0 and 255 28 − 1  N, when an 8-bit image
system is used. The darkest pixel has a gray level of zero, whereas the
brightest pixel has a gray level ofN. As seen in Figs. 5 and 6, the debris
cloud and bumper appear as black shadows and everything else appears
in white and gray. Using image processing software, the brightness of
each pixel in the image is converted to a gray level. By establishing the
boundary between the cloud region and the background region, the
debris cloud can be distinguished from the background.
B. Processing Differences Between Images
The images in Figs. 5 and 6 show gray levels changing continuously
at the contours of the debris cloud. As mentioned earlier, conventional
assessments based on subjective observers result in large variations in
the threshold value, and as a result, some differences arise in the
progression or the expansionvelocities of debris clouds.By comparing
images containing debris cloudswith those of the sameareas before the
appearance of the debris, the regions where gray-level changes
occurred can be identified and separated from the regions whose gray
levels were maintained. Figures 7a and 7b show images before and
after the impact, respectively, and Fig. 7c shows the differential image
between those two. Because Fig. 7c is a differential image, the gray
level of regions other than the debris cloud (the background) should be
zero. However, the gray level of the background region did not become
exactly zero; instead, therewas adistributionof gray levels fromzero to
approximately 15. This was caused by the change in luminance from
the strobe light that occurred within the short period of time between
the two originating images, which means that the exact same point
in the image can have different gray levels from frame to frame.
Therefore, pixels with gray levels between one and approximately
15 exist in both the cloud and background regions.
In Fig. 7c, the background has gray levels near zero and tends to
appear black. Because the cloud region reflects the difference
between pixels with high gray levels and pixels with low gray levels,
it has high gray levels and appears white. A threshold value T for the
gray level corresponding to the boundary between the two regions is
now introduced. Pixels in differential images with gray levels greater
than zero and less than T are considered to belong to the background
region, whereas pixels with gray levels greater than T and less thanN
are considered to belong to the debris cloud. The methods proposed
in this paper were developed to automatically select the threshold
value T from experimental images using a mathematical approach.
C. Bayesian Scheme for Cloud Contour Extraction
Determination of the gray-level threshold value that distinguishes
the targeted region from the background region is extremely important
in image processing applications that extract contours. Mathematical
methods using clustering thresholding [30], minimum error
thresholding [31,32], and entropy thresholding [33–35] are available
for the automated selection of the threshold value. Conditional entropy
was selected as an indicator in this study because it provides good
selection performance. Conditional entropy represents the degree of
certainty with which a certain pixel in an image belongs to one of the
regions. The lower the conditional entropy, the higher the degree of
certainty. The conditional entropy method uses a distribution that
corresponds to a gray histogram normalized by the total number of
pixels in an image (i.e., a normalized histogram). A gray histogram is
a distribution of the number of pixels (vertical axis) with a certain gray
level (horizontal axis). In this paper, the term “histogram” is used to
refer to this type of normalized histogram.
Figure 8 shows a conceptual diagram of a typical automatic
threshold selectionmethod. The bar chart is the normalized histogram.
Fig. 6 Debris cloud generated in experiment with target 2.
Fig. 7 Experimental images before and after impact: a) before impact; b) after impact; c) differential image.
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The background distribution is indicated by a solid line (function 1),
and the debris cloud distribution is indicated by a dotted line (function
2). In typical automatic threshold selection methods, the background
and target distributions are both assumed to follow Gaussian
distributions. In Fig. 8, the gray level is assigned to the horizontal axis,
one of the two vertical axes represents the normalized histogram, and
the other vertical axis represents the product of the probability
distribution function and the region of each distribution.
Figure 9 shows a normalized histogram of Fig. 7c. The horizontal
axis represents the gray level (from 1 to N), and the vertical axis
represents the normalized histogram for each gray level. Because the
threshold cannot take zero, pixels with gray levels of zero have been
excluded. Two distributions, one with a peak at gray level 1 and the
other with a peak at gray level 41, have been confirmed. We now
discuss the image regions to which the two gray-level distributions
belong. Because the change in gray level in the background region is
small before and after the generation of the debris cloud, the
background has a small gray-level value in the differential image. On
the other hand, because the change in gray level of the debris cloud
region before and after the generation of the debris cloud is large, the
cloud region has larger gray-level values in the differential image.
Therefore, the distributionwith a peak at gray level 1 is the background
region, whereas the distribution with a peak at gray level 41
corresponds to the cloud region. Figure 10 shows a normalized
histogram that magnifies the region near the background (gray level
j: 1 ≤ j ≤ 21), and Fig. 11 shows a normalized histogram that
magnifies the region near the cloud region (gray level j: 21 ≤ j ≤ 81).
Considering the normalized histogram in Fig. 9 to be constituted
by both the background distribution (region code i  1) and the
debris cloud distribution (region code i  2), the normalized
histogram pgjj  1; 2; : : : ; N is divided into two, with the
threshold value T as the boundary. According to previous studies
[31–35], both the background distribution and the debris cloud
distribution are assumed to follow Gaussian distributions. The area
pCi, expectation μi, and variance σ2i i  1; 2 of each distribution
are defined as
pC1 ≡
XT
j1
pgj; pC2 ≡
XN
jT1
pgj (1)
μ1 ≡
XT
j1
j
pgj
pC1
; μ2 ≡
XN
jT1
j
pgj
pC2
(2)
σ21≡
XT
j1
j−μ12
pgj
pC1
; σ22≡
XN
jT1
j−μ22
pgj
pC2
(3)
The probability that the gray-level value of a certain pixel found in
the background distribution (region code i  1) or in the debris cloud
distribution (region code i  2) is j as given by pgjjCi. It is
assumed that each probability distribution follows a Gaussian
distribution that can be expressed as
pgjjCi ≡
1
2πσ2i
p exp

−
j − μi2
2σ2i

i  1; 2 (4)
where a continuous distribution function is applied to discrete
distributions, which is common in image processing research. The
average conditional entropy HCjg is introduced, which serves as
a reference for the criterion function. It is the average over all pixels of
the conditional entropyHCjgjj  1; 2; : : : ; N for each pixel and
is given by
Fig. 8 Schematic view of normalized histogram and two probability
density functions.
Fig. 9 Normalized histogram for target 1.
Fig. 10 Magnified view of Fig. 9 (1 ≤ j ≤ 21).
Fig. 11 Magnified view of Fig. 9 (21 ≤ j ≤ 81).
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HCjg ≡ −
XN
j1
X2
i1
pCijgjpgj logpCijgj (5)
where pCijgj represents the probability that the region of a certain
pixel is Ci under the condition that the gray level of this pixel is j.
Bayes’ theorem for the two regions is
pCijgj ≡
pgjjCipCi
pgj
 pgjjCipCiP
2
k1 pgjjCkpCk
(6)
Using Eq. (6), Eq. (5) can be transformed into
HCjg  −
XN
j1
X2
i1
pgjjCipCi log

pgjjCipCiP
2
k1 pgjjCkpCk

(7)
Because Eq. (7) is a function of T, the criterion function JT is
JT ≡HCjg  −
XN
j1
X2
i1
pgjjCipCi
× log

pgjjCipCiP
2
k1 pgjjCkpCk

(8)
The value of T that minimizes the criterion function JT is the
optimum threshold. This option of using the Gaussian distribution in
Eq. (4) for all regions is commonly used for general image processing
purposes, such as extraction of handwriting from letters, and is
referred to in this paper as the conventional method.
IV. Proposed Method for Bayesian Cloud Extraction
A. Proposed Method for Bisecting Probability Distributions
It is clear from Fig. 10 that the background distribution does not
follow a Gaussian distribution. Because the assumption that the
background distribution follows a Gaussian distribution is not realistic,
the conventionalmethod (which is based on this assumption) is notwell
suited to the extraction of debris cloud contours from impact images. To
address this problem, the background distribution was assumed in this
study to follow a truncated gamma distribution [36,37]. Under this
assumption, a threshold value that minimizes the criterion function
JT is selected. The new image recognition method proposed in this
paper reflects the actual object represented in a debris cloud image
better than the conventionalmethod.We enumerate here the reasons for
adopting a truncated gamma distribution. First, the truncated gamma
distribution is a highly versatile distribution function that contains
multiple probability distributions as particular cases, such as thegamma
distribution, the exponential distribution, the Erlang distribution, and
the chi-squareddistribution. In otherwords, it is possible tocover awide
range of probability distribution functions using a truncated gamma
distribution. Second, by determining an expectation and a variance, the
distribution function can be uniquely determined.
Assuming that the background follows a truncated gamma
distribution and that the debris cloud distribution follows a Gaussian
distribution, the probability density functions of the two regions can
be expressed as
pgjjC1 ≡
jk−1 exp−j∕θ
Γkθk
1P
N
t1 t
k−1 exp−t∕θ1∕Γkθk
 j
k−1 exp−j∕θ
DΓkθk (9)
pgjjC2 ≡
1
2πσ22
p exp

−
j − μ22
2σ22

(10)
where k≡μ21∕σ21 is a shape parameter and θ≡σ21∕μ1 is a scale
parameter. Truncated functions are typically used for probability
distributions with limited variable ranges. The constantD in Eq. (9),
which does not depend on the gray level j, is defined as
D ≡
XN
t1
tk−1 exp

−
t
θ

1
Γkθk (11)
In this paper, the proposed method based on the bisection of the
normal histogram is referred to as the Bayesian cloud extraction with
bisection (BCEB) method.
B. Comparison of Debris Cloud Contours Obtained
with BCEB and Conventional Method
We compared the debris cloud contours obtained using the
conventional method with those obtained using the first method
proposed in this paper (BCEB). Figure 12 shows the differential image
obtained from the impact experimentwith target 1. The threshold value
T for this differential image was determined using each method.
Figure 13 shows the criterion function obtained with the conventional
method, and Fig. 14 shows the criterion function obtainedwithBCEB.
The optimum threshold selected using the conventional method was
25, whereas the optimum threshold selected using BCEB was 16.
Binary images were produced using these threshold values to
demonstrate the two obtained debris cloud contours. Because the
binary images useonly twogray-level values (zero andN), obtained by
using the threshold value as adecision boundary, it is possible to extract
the contours. Figures 15a and 15b show the binary images obtained
with the conventional method and BCEB, respectively. A comparison
of the two binary images is shown in Fig. 15c. As Figs. 15a and 15b
show, white pixels appear in a dense grouping and no white pixels are
Fig. 12 Differential image for target 1.
Fig. 13 Criterion function using conventional method for target 1.
7
6 MAKIHARA AND OKI
found scattered away from this dense grouping. This suggests that the
debris cloud alone has been extracted. This is because debris clouds
expand as a cluster, remaining centrally focused on the impact point. If
there are anydark pixelsmixed in the binary image, these pixels belong
to the background, and are randomly scattered in the image. It is
important that the debris cloud is identified as a single cluster. The
challenge for the cloud extraction methods is to take a boundary limit
of the debris cloud that is as large as possiblewhilemaintaining a single
cluster. As Fig. 15c shows, BCEB was able to extract a larger debris
cloud than the conventional method. These results suggest that BCEB
was able to extract the debris cloud contours more accurately than the
conventional method.
Figure 16 shows the differential image obtained from the impact
experiment with target 2. The threshold value T for this differential
imagewas again determined for each one of the methods (conventional
and BCEB). Figure 17 shows the criterion function obtained with the
conventional method, whereas Fig. 18 shows the criterion function
obtained with BCEB. The optimum threshold selected using the
conventional method was 90, whereas the optimum threshold selected
using BCEB was 41. Figures 19a and 19b show the binary images
obtained with the conventional method and BCEB, respectively.
Acomparison of the twobinary images is shown inFig. 19c.AsFig. 19b
shows, with BCEB, there is a dense presence of white pixels and there
are no white pixels scattered in areas far from the dense area. This
suggests that the debris cloud alone has been extracted. Furthermore, the
fact that the debris cloud in Fig. 19b is larger than the debris cloud in
Fig. 19a indicates that BCEB had greater success than the conventional
method in extracting the surrounding regions of the debris cloud. Based
on the preceding, it can be concluded that BCEB extracted the debris
cloud contours more accurately than the conventional method, even in
the case of an oblique impact (target 2).
V. Improvement of Bayesian Cloud Extraction for
Large Ambiguous Regions
A. Proposed Method for Trisecting Probability Distributions
Using BCEB, the threshold value of the differential image for target
2 was determined to be 41. In other words, pixels with gray levels of
Fig. 14 Criterion function using BCEB for target 1.
Fig. 15 Comparison of binary images obtained for target 1: a) using conventional method; b) using BCEB; c) comparison of two binary images.
Fig. 16 Differential image for target 2.
Fig. 17 Criterion function using conventional method for target 2.
Fig. 18 Criterion function using BCEB for target 2.
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0–41 represent the background, whereas pixels with gray levels
between 42 andN represent the debris cloud. Figure 20 shows a binary
image from which only the pixels with gray levels between 20 and 41
were extracted. If the pixels with gray levels between 20 and 41
represent the background, they should be randomly scattered in the
image. Instead, in Fig. 20, the obtained results indicate that pixels with
gray levels between 20 and 41 are part of the debris cloud, not part of
the background. This is because the pixels with gray levels between 20
and 41 are densely clustered and are not scattered in areas far from
the dense area. This suggests that, although BCEB extracts a larger
contour than the conventional method, the estimated debris cloud is
still smaller than the actual debris cloud. To reduce the degree of
underestimation, we examined why the differential image for target 2
(Fig. 16) was underestimated and propose a newmethod that results in
a more accurate contour estimation.
Figure 21 shows the normalized histogram of the differential image
for target 2. The apex of the debris cloud region is further away from the
background region. An identifiable problem with BCEB is that, even
though Fig. 21 clearly shows three distinct regions in the normalized
histogram,BCEBbisects the normalizedhistogram in only twodifferent
probability regions. This behavior is considered to have led to the
imperfect extraction of the debris cloud contour by BCEB. A new
method is therefore proposed, which allows proper threshold selection
even in cases such as those illustrated inFig. 21.Thehistogram inFig. 21
suggests the idea of trisecting the normalized histogram. Figure 22a is
a binary image that shows the gray levels in the peripheral cloud region
of Fig. 21 as white and all other gray levels of Fig. 21 as black.
Figure 22b is a binary image that shows the gray levels in the central
cloud region as white and all other gray levels as black. Figures 22a and
22b suggest that the combination of the peripheral and central cloud
regions should be considered as constituting the total region of the debris
cloud. It is important to note that, as Fig. 21 shows, the total cloud region
clearly does not follow a Gaussian distribution. The newly proposed
method based on trisection of the normalized histogram establishes two
threshold values, T1 and T2T1 ≤ T2, which define the boundaries for
each region. The first threshold value T1 defines the boundary between
the background and peripheral cloud regions, and the second threshold
T2 defines the boundary between the peripheral and central cloud
regions. The normalized histogram in Fig. 21 is constituted by the
background distribution, peripheral cloud distribution, and central
cloud distribution. The background distribution is assumed to follow
a truncated gamma distribution, the peripheral cloud distribution is
assumed to follow a uniform distribution, and the central cloud
distribution is assumed to follow a Gaussian distribution. The threshold
values T1 and T2 that minimize the criterion function JT1; T2 are
selected based on these assumptions. The resulting contour extraction
method is better suited to the debris cloud image for target 2 than the
BCEB method proposed in Sec. IV.
The normalized histogram pgj pgjj  1; 2; : : : ; N is
trisected using the threshold values T1 and T2. The area, expectation,
and variance of each region are defined as
pC1 ≡
XT1
j1
pgj; pC2 ≡
XT2
jT11
pgj;
pC3 ≡
XN
jT21
pgj (12)
μ1 ≡
XT1
j1
j
pgj
pC1
; μ2 ≡
XT2
jT11
j
pgj
pC2
;
μ3 ≡
XN
jT21
j
pgj
pC3
(13)
Fig. 19 Comparison of binary images obtained for target 2: a) using conventional method; b) using BCEB; c) comparison of two binary images.
Fig. 20 Binary image obtained for target 2 selecting pixels with a gray
level j in the interval 20 ≤ j ≤ 41.
Fig. 21 Normalized histogram for target 2.
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σ21≡
XT1
j1
j−μ12
pgj
pC1
; σ22≡
XT2
jT11
j−μ22
pgj
pC2
;
σ23≡
XN
jT21
j−μ32
pgj
pC3
(14)
Because the background distribution (region code i  1) is
assumed to follow a truncated gamma distribution, the peripheral
cloud distribution (region code i  2) is assumed to follow a uniform
distribution, and the central cloud distribution (region code i  3)
is assumed to follow a Gaussian distribution, the conditional
probability pgjjCii  1; 2; 3 is the probability density function
for the truncated gamma, uniform, and Gaussian distributions,
respectively. Note that the range of ii  1; 2; 3 is now different
from the range(i  1; 2) in BCEB. The probability density functions
of the three regions are expressed as
pgjjC1 ≡
jk−1 exp−j∕θ
DΓkθk (15)
pgjjC2 ≡
1
T2 − T1
(16)
pgjjC3 ≡
1
2πσ23
p exp

−
j − μ32
2σ23

(17)
The average conditional entropy with the three regions is
written as
HCjg ≡ −
XN
j1
X3
i1
pCijgjpgj logpCijgj (18)
Bayes’ theorem in this three-region case becomes
pCijgj ≡
pgjjCipCi
pgj
 pgjjCipCiP
3
k1 pgjjCkpCk
(19)
Using Eq. (19), Eq. (18) can be transformed into
HCjg  −
XN
j1
X3
i1
pgjjCipCi log

pgjjCipCiP
3
k1 pgjjCkpCk

(20)
Because Eq. (20) is a function of T1 and T2, the criterion
function JT1; T2 is given by
JT1; T2 ≡HCjg  −
XN
j1
X3
i1
pgjjCipCi
× log

pgjjCipCiP
3
k1 pgjjCkpCk

(21)
The values of T1 and T2 that minimize JT1; T2 under the
T1 ≤ T2 constraint are considered the optimum threshold values.
This proposed method, based on the trisection of the normalized
histogram, is referred to as Bayesian cloud extraction with
trisection (BCET). This method is a more suitable image
recognition method for the debris cloud image for target 2 than
the BCEB method described in Sec. IV. When T1  T2, BCET
becomes equivalent to BCEB. In other words, BCET encompasses
BCEB and is more versatile. BCET can be interpreted as the creation
of multivalued images from the experiment image to eventually
obtain binary (two-valued) images. The assumed distributions are
supported by abundant experimental data, and the probability density
functions can be formulated in various ways to balance accuracy and
simplicity.
B. Comparison of Debris Cloud Contours Obtained
with Three Methods
We now proceed to compare the contours obtained from a debris
cloud using BCEB, BCET, and the conventional method.
In the impact experiment with target 1, when the criterion
function in Eq. (21) is substituted by Eqs. (15–17) and T1 and T2
are increased successively (respecting the T1 ≤ T2 constraint),
the criterion function JT1; T2 is obtained. Using each one of
the three methods, we determined the optimum threshold values
for the differential image (Fig. 12). The optimum threshold
selected using the conventional method was 25, the optimum
threshold selected with BCEB was 16, and the optimum
threshold selected with BCET was also 16. Therefore, for target
1, BCEB and BCET yielded the same threshold value, which
means that they extracted the same debris cloud out of the
experimental image.
Next, we determined the optimum threshold values for each
method using the differential image obtained from the impact
experiment with target 2 (Fig. 16). The optimum threshold
selected using the conventional method was 90, the optimum
threshold selected using BCEB was 41, and the optimum
threshold selected using BCET was 17. Figures 23a–23c show
the binary images obtained from Fig. 16 using the conventional
method, ECEB, and ECET, respectively. Figure 23d shows
a comparison of the three binary images. As Fig. 23c shows,
with BCET, there is a dense presence of white pixels and there
are no white pixels scattered in areas far from the dense area.
Figure 23d shows that BCET was able to extract more of the
surrounding parts of the debris cloud than both the conventional
method and BCEB. These results indicate that, even for oblique
Fig. 22 Binary images of debris cloud for target 2: a) peripheral and b) central cloud region.
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impacts (target 2), BCET extracted the debris cloud contours
more accurately than either the conventional method or BCEB.
Therefore, using BCET, it was possible to accurately extract the
debris cloud contours for target 2, which could not be extracted
accurately with BCEB. The usefulness and greater versatility of
BCET was thus confirmed.
VI. Conclusions
In this paper, two new Bayesian cloud contour extraction
methods were proposed to accurately extract debris cloud contours
from images obtained using high-speed cameras. These methods
employ a Bayesian probability scheme and conditional entropy as
an indicator of the extraction accuracy. It was demonstrated that the
use of a threshold selected with the conventional method does not
yield accurate results, because the conventional method is not fully
consistent with the actual phenomena represented by the debris
cloud image. In the proposed BCEBmethod (based on the bisection
of the normalized histogram), the background distribution is
assumed to follow a truncated gamma distribution. In the proposed
BCET method (based on the trisection of the normalized
histogram), two threshold values are used to trisect the gray-level
histogram. One of the two threshold values defines the boundary
between the background and the peripheral cloud regions, whereas
the other threshold value defines the boundary between the central
cloud and peripheral cloud regions. Based on the debris cloud
image data, it is assumed that the background, peripheral cloud,
and central cloud follow truncated gamma, uniform, and
Gaussian distributions, respectively. Based on the assumed
probability distributions, we select threshold values that minimize
a criterion function using conditional entropy. The BCET method
encompasses the BCEB method as a particular case and is more
versatile.
By processing images from actual high-velocity impact
experiments, it has been demonstrated that the proposed BCEB
method can extract debris cloud contours more accurately than
the conventional method. Furthermore, it has been demonstrated
that the proposed BCET method is able to extract contours in the
peripheral regions of the debris cloud more accurately than
the BCEB method. The angle of debris impact determines the
distribution of the debris clouds; therefore, nonsymmetrical
geometries influence the debris cloud distribution, which was
confirmed in [38]. The proposed methods (BCEB and BCET) can
be applied to capture even nonsymmetrical debris clouds, because
these methods do not assume any particular shape of the debris
clouds. The methods proposed in this paper are therefore highly
versatile and applicable to impacts with the most diverse
geometries.
Because both BCEB and BCET make the accurate
measurement of debris cloud shapes possible, they can be used
to accurately observe the velocity and rate of expansion of
debris clouds. This is expected to contribute to the development
of protecting designs against space debris. The proposed
algorithms have a wider field of application than merely
the analysis of space debris clouds. For example, impact
experiments are being conducted to examine the mechanism of
crater formation on the moon’s surface [39]. It is therefore
important to develop image processing methods that can be used
to evaluate experimental images containing large ambiguous
parts. The two methods proposed in this paper are suitable for
use as standard methods for image processing in experimental
research on such diverse impact-related images and would be
beneficial for use not only in the field of astronautical
engineering but also in many other engineering fields that
involve image processing.
Fig. 23 Comparison of binary images obtained for target 2: a) using conventionalmethod; b) usingBCEB; c) usingBCET;d) comparison of three binary
images.
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